ABSTRACT Omadacycline, a first-in-class aminomethylcycline antibiotic, is related to tetracyclines but is structurally modified to circumvent mechanisms of resistance to tetracyclines. Omadacycline demonstrates potent activity against a broad range of pathogens, including drug-resistant strains, and is in late-stage development for treatment of acute bacterial skin and skin structure infections and community-acquired bacterial pneumonia. Previous studies support an intravenous-to-oral transition regimen with 300-mg once-daily oral dosing. This phase 1 study investigated the pharmacokinetics and safety/tolerability of multiple oral omadacycline doses higher than 300 mg. Using a 3-period crossover design, healthy adults were randomized to receive oral omadacycline at 300, 450, and 600 mg in variable sequence (n ϭ 26) or placebo (n ϭ 7) once daily for 5 consecutive days per period. In plasma, omadacycline maximum concentration and total exposure increased with increasing dose but were less than dose proportional. The kinetics of omadacycline plasma accumulation were similar between dose levels; exposure on day 5 was ϳ50% higher than that on day 1. Omadacycline plasma concentrations on day 1 of 450-mg dosing were similar to those on day 5 of 300-mg dosing. All doses were generally well tolerated, but the 600-mg dose was associated with more gastrointestinal adverse events.
trials. These phase 1 trials established pharmacokinetic (PK) profiles, proved general safety and tolerability at therapeutic doses, and demonstrated that a 300-mg oral dose provides exposure comparable to that of a 100-mg i.v. dose (2, 7) . Phase 3 trials evaluating i.v. to once-daily oral dosing have been completed for both ABSSSI (ClinicalTrials registration no. NCT02378480) and CABP (ClinicalTrials registration no. NCT02531438).
In completed clinical studies, single i.v. and single oral doses up to 600 mg have been investigated (1, 2) . Multiple i.v. doses of 100 mg or 200 mg once daily for up to 14 and 7 consecutive days, respectively, and multiple oral doses of 200 mg or 300 mg once daily for up to 10 consecutive days have also been evaluated (1, 2) . Based on the results of these studies, the once-daily oral dose selected for use in the phase 3 ABSSSI and CABP trials was 300 mg (following at least 3 days of i.v. omadacycline administration). In both of these trials, i.v. to once-daily oral dosing with omadacycline met primary endpoints and was not inferior to i.v. to oral dosing with comparator antibiotics, with a favorable overall safety and tolerability profile (8, 9) . It is possible that a higher oral dose could be used as a loading dose to eliminate the need for an initial i.v. infusion phase of treatment for ABSSSI and CABP. A higher oral dose might also be important for additional potential indications involving bacterial infections in organs/ tissues other than skin or lungs. Therefore, this phase 1 study was designed to compare the pharmacokinetics and safety of multiple oral doses of 300, 450, or 600 mg omadacycline when administered to healthy adults once daily for 5 consecutive days. Within this dose range, we hypothesized that the oral pharmacokinetics of omadacycline were linear and that multiple doses of omadacycline generally would be safe and well tolerated.
RESULTS
Demographics, baseline characteristics, and disposition of study subjects. Of the 33 subjects enrolled in the study, 26 were assigned to receive omadacycline and 7 were assigned to receive placebo. Demographic and baseline characteristics were generally similar between omadacycline and placebo treatment groups (Table 1) and across all omadacycline treatment sequences (data not shown). The majority of subjects in the study were white (57.6%) and male (81.8%). The overall mean age of subjects was 36.9 years, with a range of 21 to 55 years. All 33 subjects received at least 1 dose of study drug (omadacycline or placebo) and were included in the safety analysis population. Twenty-five of the 26 omadacyclinetreated subjects (96.2%) were included in the pharmacokinetic (PK) analysis population (1 subject was excluded from this population due to vomiting after dosing). Five subjects (15.2%) discontinued the study early, including 4 omadacycline-treated subjects (15.4%) and 1 placebo-treated subject (14.3%). Four subjects (12.1%) discontinued due to treatment-emergent adverse events (TEAEs), including 3 omadacycline-treated subjects (11.5%) and 1 placebo-treated subject (14.3%), as detailed below. In addition, 1 omadacycline-treated subject was lost to follow-up. Thus, 22 subjects received all 5 doses of 300, 450, and 600 mg omadacycline, and 6 subjects received all 5 doses of placebo in periods 1, 2, and 3. These subjects were considered to have completed the study.
Plasma pharmacokinetics. At all tested omadacycline dose levels, on both day 1 and day 5 of each 5-day treatment period, mean plasma omadacycline concentrations peaked 2.5 h after dosing (time to reach maximum observed plasma concentration [T max ]), and omadacycline was measurable in plasma for up to 24 h after dosing (the last sampling time). Omadacycline total exposure (area under the plasma concentrationversus-time curve from time 0 to 24 h after dosing [AUC 0 -24 ] and AUC from time zero to the last quantifiable concentration [AUC last ]) and peak concentrations (maximum observed plasma concentration [C max ]) increased with increasing omadacycline dose (300 versus 450 versus 600 mg) on both day 1 and day 5 and were higher on day 5 than on day 1 for corresponding doses ( Fig. 1 and Table 2 ). The mean terminal elimination half-life (t 1/2 ) of omadacycline in plasma was similar across the 3 tested dose levels, ranging from 13.03 to 13.66 h on day 1 and from 15.49 to 16.83 h on day 5. Steady-state conditions appeared to have been reached by day 5, because the concentrations at t ϭ 0 and t ϭ 24 following the day 5 dose were similar. Between-subject variability in systemic omadacycline exposure was low and was similar at all 3 tested dose levels, with coefficients of variation (CVs) ranging from 23.2% to 26.6% for C max , AUC 0 -24 , and AUC last on day 1 and from 25.0% to 27.1% for C max , AUC 0 -24 , and AUC last on day 5 ( Table 2) .
Although omadacycline AUC 0 -24 , AUC last , and C max increased with increasing omadacycline dose, the observed increases in exposure were less than dose proportional on both days of analysis (Tables 3 and 4 ). Statistical analyses showed that with an increase in dose from 300 mg to 600 mg, omadacycline exposure (based on dose- Oral Omadacycline Pharmacokinetics and Safety Antimicrobial Agents and Chemotherapy normalized AUC 0 -24 ) on day 1 was 76% of that predicted if exposure were perfectly dose proportional; on day 5, the observed increase in omadacycline exposure was 88% of the predicted level (Table 3) . Analyses using a power model showed that the slope between 300-mg and 600-mg dosing on day 5 was 0.824 (90% confidence interval [CI], 0.607 to 1.041) for AUC 0 -24 , falling outside the limits for dose proportionality ( Table 4) . Analysis of C max values, using analysis of variance (ANOVA) and a power model, similarly demonstrated that omadacycline concentrations were dose linear, but less than dose proportional, in this study (Tables 3 and 4) . Statistical analyses also revealed accumulation of omadacycline in plasma following once-daily dosing for 5 consecutive days. Depending on dose, accumulation ratios between day 5 and day 1 ranged from 1.40 to 1.62 for AUC 0 -24 and from 1.24 to 1.35 for C max (data not shown). These findings are consistent with the long t 1/2 of omadacycline in plasma.
Safety and tolerability. Overall, 12 of the 33 subjects in the safety population reported a total of 36 TEAEs during the study (Table 5 ). TEAEs were reported by 38.5% of subjects who received omadacycline and by 28.6% of subjects who received placebo. The highest percentage of TEAEs was classified as gastrointestinal (GI) disorders. The most frequently reported TEAE was nausea, which was reported in Յ7.7% of subjects during 300-mg and 450-mg omadacycline dosing and by 16.7% of subjects during 600-mg dosing. a Results are for the PK population. One subject during 300-mg omadacycline dosing and 1 subject during 600-mg omadacycline dosing vomited before reaching PK steady state on day 5. These subjects met criteria for exclusion from PK analyses and are not included in the day 5 summary. b n ϭ 24 (t 1/2 was not estimable for 1 subject). c n ϭ 23 (t 1/2 was not estimable for 1 subject). d n ϭ 21 (t 1/2 was not estimable for 2 subjects). a Results are for PK population and were determined by ANOVA; see Materials and Methods for details. One subject during 300-mg omadacycline dosing and 1 subject during 600-mg omadacycline dosing vomited before reaching PK steady state on day 5. These subjects met criteria for exclusion from PK analyses and are not included in the day 5 summary. CI, confidence interval; LS, least squares.
There were no serious TEAEs reported during the study. Four subjects experienced TEAEs leading to study discontinuation, including 1 subject during each of the 3 omadacycline dose levels and 1 subject in the placebo group.
There were no clinically significant findings in vital sign measurements, physical examination, electrocardiogram (ECG) results, hematology, or urinalysis parameters. Serum chemistry analyses showed that between baseline and day 5 of each dosing period, the median change in alanine aminotransferase (ALT) concentration was Ϫ2.0, 5.0, and 19.5 IU/liter in subjects dosed with 300 mg, 450 mg, and 600 mg omadacycline, respectively. The corresponding changes in placebo groups ranged from Ϫ5.0 to Ϫ1.0 IU/liter. No substantial changes in median aspartate aminotransferase (AST), bilirubin, or other serum chemistry parameters were noted. The highest individual ALT value was 150 IU/liter (2.7-fold above the upper limit of normal [ULN]), which occurred in a subject who first received 450 mg omadacycline in period 1, 300 mg in period 2, and then was discontinued due to the liver enzyme changes; this subject's bilirubin values remained within the normal range at all time points assessed.
DISCUSSION
Although a number of phase 1 to 3 studies support once-daily 300-mg oral omadacycline as a safe and effective therapeutic dosing regimen, it is possible that greater drug exposure from higher oral doses could be beneficial in some clinical situations. However, multidose regimens of oral omadacycline using doses higher than 300 mg have not been previously investigated. The goal of this study was to understand the pharmacokinetics and a Results for PK population. One subject during 300-mg omadacycline dosing and 1 subject during 600-mg omadacycline dosing vomited before reaching PK steady state on day 5. These subjects met criteria for exclusion from PK analyses and are not included in the day 5 summary. Oral Omadacycline Pharmacokinetics and Safety Antimicrobial Agents and Chemotherapy safety of oral omadacycline at doses higher than 300 mg. A 3-period crossover study was used to investigate the pharmacokinetics and safety and tolerability of oral omadacycline when administered once daily at dose levels of 300, 450, or 600 mg for 5 consecutive days. The highest dose level was selected based on a previous study in which single oral doses of up to 600 mg were administered to humans and showed an acceptable safety profile, although there was some increased incidence of GI adverse events at doses over 400 mg (unpublished data). The crossover study design was intended to control for intrasubject variability, and based on previous indications of an ϳ17-h t 1/2 for oral omadacycline (7), a 5-day washout interval between dosing periods was expected to be sufficient to prevent observation of any carryover effects of the study drug between treatment periods. It is recommended that oral omadacycline be administered in a fasted state due to reduced oral bioavailability when omadacycline is administered within 2 to 4 h of food (10) . As such, this study was conducted in fasted subjects. Twenty-six healthy adult subjects received omadacycline in this study, and 7 subjects received matching placebo. Analysis of plasma samples collected from omadacycline-treated subjects at various time points on days 1 and 5 of each 5-day dosing period showed that mean concentrations of omadacycline peaked at 2.5 h and remained measurable up to 24 h (the last tested time point) at all omadacycline dosing levels (300, 450, and 600 mg). Two subjects experienced vomiting before reaching PK steady state on day 5 and were excluded from the day 5 analysis. On day 5, mean steady-state exposure (AUC 0 -24 ) in subjects dosed with 300 mg omadacycline was 9,267 ng · h/ml, which is consistent with results of previous studies with 300-mg oral dosing (1, 7). Both AUC 0 -24 and C max increased with increasing dose and were nearly, but somewhat less than, dose proportional (ranging from 76% to 96% of expected values across all dose comparisons for AUC 0 -24 and from 74% to 91% of expected values across all dose comparisons for C max ). This was the case on both day 1 and day 5 of dosing. Due to its relatively long t 1/2 (mean of ϳ13 h on day 1, ϳ16 h on day 5), omadacycline accumulated in plasma over the course of 5 consecutive days of dosing. Thus, at all tested dose levels, systemic exposure on day 5 was ϳ50% higher than that on day 1. This degree of accumulation is also consistent with that observed following multiple once-daily dosing of intravenous (i.v.) or oral formulations of omadacycline in early pharmacology studies (1) .
As would be expected for most pharmacologic agents, increasing omadacycline dosing beyond a certain point appears to have adverse effects in terms of safety and tolerability. Multiple doses of 300, 450, and 600 mg all were generally well tolerated in this study (all TEAEs were either mild or moderate in severity); however, there were some differences between doses. The frequency of treatment-related TEAEs did not increase with an increase in omadacycline dose from 300 to 450 mg (15.4% versus 8.3%), but such events were more frequent with 600-mg dosing (25.0%). Within the most frequent class of TEAEs, GI disorders, the only 2 reports of diarrhea in this study occurred with 600-mg dosing, and nausea occurred with an incidence at least 9% higher at the 600-mg dose level than at the lower doses. In addition, serum chemistry analyses showed a small but notable dose-dependent increase in median ALT concentrations. Although no individual ALT values exceeded 3-fold the ULN, the higher median at 600 mg suggests an increased chance of more significantly elevated serum transaminase levels with this dose. Based on these observations, for situations in which an oral dose above 300 mg may be beneficial, 450 mg is the oral dose most likely to provide higher omadacycline exposure with favorable safety and tolerability.
In terms of optimizing systemic exposure, this study showed that omadacycline plasma concentrations on day 1 of 450-mg dosing were similar to those on day 5 of 300-mg dosing (mean AUC 0 -24 of 8,976.5 and 9,267.2 ng · h/ml, respectively). For indications in which the therapeutic dosing regimen incorporates 300-mg daily oral dosing, these data support a strategy of using an initial oral loading dose of 450 mg once daily for 1 to 2 days, followed by 300-mg once-daily oral dosing. Such a strategy could eliminate the need for an i.v. phase of treatment and was evaluated in a recently completed phase 3 trial of oral-only omadacycline treatment in patients with ABSSSI (ClinicalTrials registration no. NCT02877927).
In summary, these data indicate that systemic drug exposure to omadacycline increases with increasing once-daily oral dosing from 300 mg to 450 mg or 600 mg, but the exposure is not dose proportional. There were no substantial differences in the safety or tolerability of 300-and 450-mg doses, but increasing the dose to 600 mg appears to have less favorable safety and tolerability. Overall, these data provide information about the pharmacokinetics and safety of oral omadacycline at doses greater than 300 mg and support the potential clinical utility of a 450-mg oral dose of omadacycline, either as part of a loading dose strategy or for indications where systemic exposure higher than that achieved with a 300-mg oral dose is necessary.
MATERIALS AND METHODS
This study was conducted in accordance with International Council for Harmonisation Harmonised Tripartite Guideline E6(R1): Good Clinical Practice (11) . All aspects of the study complied with all national, state, and local laws and regulations. The study protocol was reviewed and approved by the Institutional Review Board at the study center. Each participating subject provided written informed consent prior to enrollment.
Study design. This was a phase 1, randomized, double-blind, 3-period, crossover study in healthy adult subjects aimed at evaluating the pharmacokinetics (PK) (primary objective) and safety and tolerability (secondary objective) of multiple once-daily oral doses of omadacycline (at dose levels of 300, 450, and 600 mg). Placebo-treated subjects were included in the study to minimize potential bias in assessing tolerability. The study was performed at a single center, viz., PPD Phase I Clinic in Austin, Texas. The study consisted of a screening period (day Ϫ21 through day Ϫ2), three baseline periods (day Ϫ1 of each period), 3 treatment periods (day 1 through day 6 of each period), and a study completion visit (within 6 to 10 days after the last dose of study drug in period 3). Washout periods of at least 5 days were included between the last dose in one period and the first dose in the next period. Subjects were confined to the study site from day Ϫ1 of period 1 until discharge on day 6 of period 3, after the 24-h blood sampling and safety assessments were completed.
Subjects meeting the criteria for enrollment in the study (see below) were randomly assigned to 1 of 3 treatment sequences using a Latin square design. Sequences designated which omadacycline dose was administered in each period: 300/600/450 mg, 450/300/600 mg, or 600/450/300 mg in periods 1, 2, and 3, respectively. Subjects assigned to omadacycline received omadacycline during all 3 periods and at all tested dose levels. Subjects assigned to placebo received placebo during all 3 periods. Investigators and subjects were blind to whether the subject received omadacycline or placebo. The study was planned for 30 subjects (24 omadacycline, 6 placebo) divided equally among the 3 treatment sequences (8 omadacycline and 2 placebo treatments per sequence).
Subjects received the appropriate dose of omadacycline or placebo once daily on day 1 through day 5 of each period. Omadacycline 150-mg tablets were used in the study; thus, doses consisted of 2, 3, or 4 tablets (for 300-, 450-, and 600-mg doses, respectively). An equal number of placebo tablets was administered to corresponding placebo groups. All doses of study drug were administered in the morning with no food or drink except for water at least 6 h before dosing. Subjects had no food or drink except water for at least 2 h after dosing and no dairy products, antacids, or multivitamins for 4 h after dosing.
Subject selection. Healthy, nonsmoking, male and female subjects were eligible for participation in the study if they were between 18 and 55 years of age (inclusive), weighed Ն50 kg, had a body mass index between 18 and 30 kg/m 2 (inclusive), met all eligibility criteria during screening (performed within 21 days before dosing in period 1) and at baseline (day Ϫ1) for period 1, and provided written informed consent. Health status was determined by past medical history, clinical laboratory tests, vital signs (oral body temperature, systolic blood pressure, diastolic blood pressure, and heart rate), 12-lead electrocardiogram (ECG), and physical examination at screening. Eligibility criteria included ability to swallow up to 4 tablets in succession. Subjects were excluded from participation in the study for prior treatment with omadacycline or recent use of other investigational drugs; ECG abnormalities; inability to tolerate oral medications; pregnancy or breastfeeding; use of tobacco products, prescription drugs, herbal supplements, or over-the-counter medications or intake of xanthine (e.g., caffeine)-containing food or beverages within a specified time frame before study initiation; blood loss/donation; low hemoglobin levels; high creatinine or blood urea nitrogen levels; urinary obstruction/difficulty voiding; positive alcohol or drug test; hypersensitivity or allergy to any tetracycline; signs of liver disease or liver injury; significant illness within 2 weeks of study initiation; any planned medical intervention that might interfere with the study; or a history of diseases or medical conditions as specified in the study protocol.
Study assessments: plasma pharmacokinetics. Serial blood samples for PK analysis of omadacycline were collected prior to dosing (predose) and at the following time points after dosing on day 1 and day 5 of each period: 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 12, 16 , and 24 h. In each period, the 24-h blood sample for day 1 was collected before administration of the day 2 dose. The PK analysis population consisted of subjects who received omadacycline and had at least 1 evaluable PK parameter. Subjects were excluded from PK analysis on a given day if they missed doses, had diarrhea, or had vomiting within twice the median T max of omadacycline.
Noncompartmental PK parameters were determined from plasma omadacycline concentration and actual time data using Phoenix WinNonlin, version 6.2.1 (Certara, Princeton, NJ, USA), including area under the plasma concentration-versus-time curve (AUC) from 0 to 24 h after dosing (AUC 0 -24 ), AUC from time zero to the last quantifiable concentration (AUC last ), maximum observed plasma concentration
